Reduction of the melanin precursor DOPA associated with albinism leads to spatiotemporal disturbances in retinal neurogenesis and thus seems to be responsible for numerous neuronal alterations found in albino retinae. To investigate whether these cellular alterations are re£ected in retinal neurotransmitter concentrations we compared the levels of GABA and glutamate in the retina of adult pigmented Long Evans and albino Wistar rats using reversed phase-liquid chromatography (RP-HPLC). When normalized to retinal weight, GABA levels showed a statistically insigni¢cant trend to be lower and glutamate values to be higher in albinos than in pigmented animals. The ratio of glutamate to GABA was signi¢cantly higher in albino than in pigmented retinae. As numerous studies have shown that the balance between GABA and glutamate plays a crucial role for establishing direction selectivity, these results are discussed in relation to direction selectivity and defects in the optokinetic system of albinos. NeuroReport 15:1141^1144
INTRODUCTION
Recent reports indicate that pathological features of albino retinae, such as the reduced number of rods and ganglion cells and alterations in retinofugal projections, are due to spatiotemporally disturbed neurogenesis, probably caused by the lack of the melanin precursor DOPA [1] [2] [3] . Relatively little is known about the effects of albinism on neurotransmitters [4] . Thus, in the present study we compared the level of the neurotransmitters GABA and glutamate in pigmented and albino rat retina. A variety of studies have revealed that GABA is crucial for the establishment of retinal direction selectivity [5, 6] . If the GABA level is altered in albino retinae this could have some bearing on understanding the biochemical and neuronal basis for the optokinetic deficits present in many albino mammals.
These animals do not show a regular optokinetic reflex (OKR) consisting of slow following eye movements interrupted by resetting saccades [7, 8] . The neuronal basis for this impairment has been localized in the nucleus of the optic tract and dorsal terminal nucleus (NOT-DTN), the visuomotor interface in the pathway underlying the OKR. Neurons in this nucleus, normally strongly direction selective for ipsiversive stimulus movement, are completely unselective in albinos [8] . The NOT-DTN has been shown to receive retinal input from direction selective ON ganglion cells [9] . Thus, one hypothesis to explain the loss of direction selectivity in the NOT-DTN is that the retinal input to the NOT-DTN might be non direction selective because of a defect in the direction selective circuits in the albino retina that could also affect direction selectivity in higher visual centers like the NOT-DTN or visual cortex.
MATERIALS AND METHODS
All experiments were approved by the local ethics committee and were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86 609 EEC) and NIH guidelines for care and use of animals for experimental procedures. Experiments were performed on nine Wistar and seven Long-Evans rats at 10 weeks of age and of both sexes (body weight 107.7-235.8 g). All animals were bred and raised in the animal facility of the department of General Zoology and Neurobiology, RuhrUniversity Bochum. The animals were housed under natural lighting conditions without any artificial light exposure and had free access to food and water.
To avoid possible circadian fluctuations in the amine metabolism all animals were sacrificed in the morning with an overdose of halothane (Halothan Eurim). Both eyes were enucleated, the retina was quickly dissected on ice, and the vitreous body and the pigment epithelium were carefully removed from both pigmented and albino retinae. After rapid freezing in liquid nitrogen the retinae were weighed and stored at -701C until RP-HPLC analysis.
For analysis of amine concentrations by RP-HPLC each retina was homogenized individually in icecold 0.1 N perchloric acid containing the internal standard homoserine (HSR): one retina in 990 ml perchloric acid and 10 ml HSR (1 mM) centrifuged at 6000 r.p.m. for 10 min at 41C. Potassium hydroxide was added to the decanted supernatant and the sample was again centrifuged at 6000 r.p.m. for 10 min at 41C. The supernatant was then diluted 1:40 or 1:80 with distilled water and the pH was adjusted to 6 in all samples). Each retina sample was derivatized prior to automatized injection into the HPLC apparatus with ophthaldialdehyde (OPA)-reagent (10.8 mg OPA; 200 ml methanol, 8 ml b-mercaptoethanol and 1792 ml 0.4 M borate buffer pH 9.5) as follows: 10 ml OPA-reagent was added to 10 ml retina sample which was mixed in a microsampler (CMA 200) for 3 min at 41C. The injection volume (sample injector, CMA 240) was 9 ml.
Chromatographic separation was achieved using a 125 Â 4 mm hypersil ODS 5 mm column (CS Chromatographie Service GmbH, Langerwehe, Germany). The mobile phase, a two-solvent system composed of (A) buffer (300 ml Na 2 H-PO 4 solution 250 mM, 300 ml propionic acid 250 mM, 96 ml acetonitrile, 3 ml octylsulfate solution (0.47 g octylsulfate/ 20 ml distilled water), 766 ml distilled water) and (B) buffer (300 ml acetonitrile, 400 ml methanol, 300 ml distilled water), flow rate 0.5 ml/min, with a non-linear gradient (solvent B in A: 0 min/15%, 14 min/40%, 22 min/100%, 25 min/100%, 30 min/15%, total time of one run 37 min). Fluorescence was measured using a RF-10A XL detector (Shimadzu) set at 330 nm excitation and 450 nm emission.
Chromatograms were integrated (C-R6A Chromatopak, Shimadzu), peak areas of the sample and external standards (500 nM glutamate, serine and GABA containing the internal standard HSR) were normalized using the internal standard HSR. Results were expressed in nmol/retina as well as were normalized to retina weight. Because the weight of two albino and three pigmented retinae had not been noted this analysis was restricted to nine pigmented and 13 albino retinae. The amino acid level in these five retinae did not differ from the rest of the samples. Thus, they were included in the overall analysis. The amino acid concentration of each sample was analyzed twice and the mean value of both runs was used. Student's t-test or MannWhitney rank sum test was employed to compare pigmented vs albino retinae. po0.05 was considered statistically significant.
RESULTS
Absolute amino acid concentrations: The concentration of the inhibitory neurotransmitter GABA was compared to the concentrations of glutamate, which acts as an excitatory neurotransmitter as well as a central amine of cell metabolism, and of serine, a metabolic amino acid that has recently been shown to modulate NMDA receptors [10] . The absolute concentrations of GABA, glutamate and serine in pigmented and albino retinae are illustrated in Fig. 1a . The median GABA concentration in albino rat retinae was significantly reduced by nearly 30% when compared to pigmented retinae (pigmented: 26.69 nmol/retina, albino: 18.47 nmol/retina, Mann-Whitney rank sum test: p ¼ 0.022).
In contrast to the differences in the GABA content between the pigmented and albino strains, there was only a slight, statistically not significant decrease by nearly 6% in the concentration of glutamate in the albino retina (pigmented: 51.23 nmol/retina, albino: 47.91 nmol/retina).
No difference was evident in the median concentration of serine between the two strains (pigmented: 6.00 nmol/ retina, albino: 6.02 nmol/retina).
The analysis of amino acid concentrations was not influenced by the presence of pigment epithelium or vitreous body which were removed from both albino and pigmented retinae. Ross and co-workers [11] report very low concentrations of GABA and glutamate in the pigment epithelium of pigmented rat retinae.
Amino acid concentrations in relation to retina weight: The mean (7 s.d.) weight of the albino retinae (10.9871.40 mg, n ¼ 13) was reduced by nearly 20% compared with pigmented retinae (13.8572.17 mg, n ¼ 9, t-test: p ¼ 0.001). This result can partially be explained by the reduction of various cell types as ganglion cells, rods, and cells in the inner nuclear layer in the albino retina [2] .
To investigate whether the reduction of the absolute GABA and glutamate concentration can be attributed to the reduced weight of albino retinae we normalized the amino acid concentrations to retina weight (Fig. 1b) . Using this approach, GABA content was lower, glutamate content was higher in albino than in pigmented retinae. These differences were not statistically significant (GABA: pigmented 1.99 nmol/mg, albino 1.85 nmol/mg, p ¼ 0.182; glutamate: pigmented 4.22 nmol/mg, albino 4.5 nmol/mg, p ¼ 0.95). Serine level did not differ (pigmented 0.51 nmol/mg, albino 0.55 nmol/mg, p ¼ 0.362). Thus, normalization to retina weight indicates that the differences in absolute GABA content can at least in part be attributed to different retina weights. However, this does not hold true for glutamate which appears to be increased in the albino retina when normalized to retina weight.
The relationship between glutamate and GABA level: In order to obtain a more neurotransmitter specific measure we compared glutamate concentration to GABA content. This approach is independent of a weight reduction in the albino retina as well as of the protein content [12] and, therefore, allows an independent approach regardless of the density of different cell populations. The range of variation in the concentrations of GABA and glutamate for every pigmented (c) as well as albino (d) retina is demonstrated in Fig. 1 . Figure 1e shows the median ratio of glutamate to GABA pooled for all pigmented and albino retinae. The value reveals a significant increase of the glutamate to GABA ratio by nearly 20% in albino retinae (Mann-Whitney rank sum test: po0.001).
DISCUSSION
The RP-HPLC method used here does not reveal the locus of the GABA and glutamate changes in albino rat retina. However, Ross and co-workers [11] assessed the GABA concentration in samples microdissected from Long-Evans rat retinal layers also using HPLC and found the highest concentration of GABA in the inner plexiform layer where the dendrites of starburst amacrine cells are localized, and in the ganglion cell layer where the somata of displaced amacrine cells are found. Thus, the highest GABA concentration correlates with the localization of starburst amacrine cell dendrites and somata. GABAergic starburst amacrine cells play a key role in generating direction selectivity in retinal ganglion cells and are essential for OKR performance [12] [13] [14] [15] [16] . Although direction selective ganglion cells receive excitatory glutamatergic input mostly via NMDA receptors [17] , the blockade of these receptors does not eliminate direction selectivity [6] . This indicates a glutamate independent mechanism for the establishment of direction selectivity. Therefore, the changes in GABA and glutamate content suggested here could in part occur in/at starburst amacrine cells and thus might contribute to a malfunction of direction selective ganglion cells. This, in turn, is one possible explanation for the loss of direction selectivity in the NOT-DTN of albinos [8] .
Our findings show a significant reduction of the absolute GABA content and a slight decrease of the absolute glutamate content in the albino retina. When normalizing the data to the retina weight these differences were statistically not significant. However, what remains is the tendency for GABA to be reduced and for glutamate to be increased in albino retinae. Thus, from our data we can not unequivocally decide whether the altered glutamate to GABA ratio is due to an increase of glutamate or to a decrease of GABA or both.
Investigating the effects of constant light exposure on the retina, Wasowicz and co-workers [18] normalized the amino acid concentration to the protein content of the retina and found no difference for GABA and glutamate contents between both strains. The individual amino acid concentrations in the whole retina sample are not given. Thus, the differences between Wasowicz's study and our results can possibly be explained by different normalization procedures. When normalizing the absolute concentrations to the retina weight we did not find any significant differences between pigmented and albino retinae in agreement with the normalization to the protein content of Wasowicz and colleagues.
In contrast to these normalization procedures, our ratio between glutamate and GABA takes into account the covariation of glutamate and GABA content of individual retinal samples leading to the significant differences between albino and pigmented retinae.
How can a change in the ratio of glutamate and GABA concentrations in the albino rat retina be interpreted and what could be its functional significance? In the rat retina, GABA is mainly localized in horizontal cells, bipolars, and amacrine cells for signal transmission, and in Mü ller cells that are involved in GABA metabolism [19] . Studies in mouse did not reveal any difference in cell density and distribution, nor any morphological changes of horizontal cells in albino vs pigmented retinae [20, 21] . In albino rodents the amacrine cells' morphology was unaffected, and distribution and cell density of starburst amacrines did not differ in albino rats when compared to pigmented animals [22] . These findings indicate that there is no evidence for a changed GABA content in the albino retina mediated by changes in cell density. Glutamate plays a key role in metabolic pathways [23] but also acts as a precursor for GABA and as an excitatory neurotransmitter in the retinal signal transduction. The slight decrease of the absolute glutamate content demonstrated in our data can mainly be explained by the reduction of glutamatergic rod photoreceptors and to a minor degree by the reduced number of ganglion cells in the albino retina [24, 25] . Again, there is no structural explanation for the slightly increased glutamate content when normalized to retina weight.
Thus, the differences in the ratio between glutamate and GABA content in pigmented and albino retinae suggested here can not be explained by the loss or reduction of a specific cell population.
In conclusion, the change in balance between GABA and glutamate content in the albino retina is a first hint to alterations in the processing of visual information in the retina due to albinism. However, the effects of albinism on neurotransmitter content reported here are not strong enough to by themselves explain the drastic alterations in the optokinetic system in albino mammals. Further experiments using electrophysiology and optical imaging will have to elucidate the functional consequences of this biochemical finding.
